l e t t e r s
A prevailing paradigm posits that Polycomb Group (PcG) proteins maintain stem cell identity by repressing differentiation genes, and abundant evidence points to an oncogenic role for PcG proteins in human cancer 1,2 . Here we show using Drosophila melanogaster that a conventional PcG complex can also have a potent tumor suppressor activity. Mutations in any core PRC1 component cause pronounced hyperproliferation of eye imaginal tissue, accompanied by deregulation of epithelial architecture. The mitogenic JAK-STAT pathway is strongly and specifically activated in mutant tissue; activation is driven by transcriptional upregulation of Unpaired (Upd, also known as Outstretched, Os) family ligands. We show here that upd genes are direct targets of PcG-mediated repression in imaginal discs. Ectopic JAK-STAT activity is sufficient to induce overproliferation, whereas reduction of JAK-STAT activity suppresses the PRC1 mutant tumor phenotype. These findings show that PcG proteins can restrict growth directly by silencing mitogenic signaling pathways, shedding light on an epigenetic mechanism underlying tumor suppression.
The allele P3C was identified as a Drosophila tumor suppressor mutant with unusual properties 3 . Mutant clones generated in genetically mosaic eye imaginal discs do not survive well or persist through metamorphosis, but rather cause non-autonomous overgrowth of surrounding wild-type tissue ( Supplementary Fig. 1a,b) . As certain tumor suppressor mutations manifest their full phenotypes only when cell competition is eliminated 4, 5 , we used the FLP/cell-lethal system 6 to generate eye and wing discs consisting predominantly of P3C mutant cells. Such P3C imaginal discs are markedly overgrown ( Fig. 1a,b; Supplementary Fig. 2h ), and larvae that contain these discs become 'giant larvae' and die in pupation. Mutant tissue fails to undergo terminal differentiation ( Fig. 1c,d) and has a range of architectural defects (Supplementary Fig. 3a-d) . These epithelial defects occur in the context of upregulation of F-actin ( Fig. 1e,f) , loss of E-cadherin ( Fig. 1g,h) and ectopic expression of matrix metalloprotease 1 (Fig. 1i,j) . Overgrowth, differentiation defects and disrupted epithelial architecture are phenotypes reminiscent of those resulting from previously described neoplastic tumor suppressor mutations 5 .
Genetic and molecular mapping of P3C reveals that it is a small deletion removing the two neighboring homologous genes Posterior sex combs (Psc) and Suppressor of zeste 2 (Su(z)2) ( Supplementary  Fig. 1g ) 7 . A related but more complex phenotype was obtained with the previously studied deficiency Psc-Su(z)2 1b (ref. 8), which deletes seven additional genes ( Supplementary Fig. 1g ) 8, 9 . However, eyemosaic clones for null alleles of Psc or Su(z)2 alone did not have a proliferation phenotype (Supplementary Fig. 1c-f ), suggesting that the genes are functionally redundant for growth control.
Psc and Su(z)2 encode members of the Polycomb Group (PcG) of epigenetic silencers and can functionally substitute for each other in Polycomb repressive complex 1 (PRC1) 10 . The PRC1 core component Polycomb (Pc) mediates recognition and binding to trimethylated Lys27 of histone H3 (H3K27me3), an epigenetic mark whose placement is catalyzed by Polycomb repressive complex 2 (PRC2). Binding of PRC1 to trimethylated target loci is thought to mediate transcriptional repression [11] [12] [13] . A growth-regulatory effect in wing discs was previously described for Psc-Su(z)2 and for Polyhomeotic-distal and Polyhomeotic-proximal (Ph) but not for other PcG members 8, 14 . To determine whether control of eye disc growth is a function only of Psc-Su(z)2 or of general PcG activity, we tested null or strong mutations affecting PRC1 members. Notably, eye discs mutant for the PRC1 components Polycomb (encoded by Pc), Polyhomeotic-distal (ph-d) and Polyhomeotic-proximal (ph-p), or Sex combs extra (Sce) all strongly overgrew ( Fig. 1u ) and caused pupal lethality. PRC1 mutant phenotypes are not fully identical: Psc-Su(z)2 and ph-p mutations resulted in more severe epithelial organization and differentiation defects than Pc and Sce mutations ( Fig. 1k-t; Supplementary Fig. 3) , and the former caused overgrowth of both eye and wing imaginal disc tissue whereas growth effects of the latter were seen predominantly in the eye ( Fig. 1u; Supplementary Fig. 2) . Additionally, survival of Psc-Su(z)2 clones in mosaic tissue was impaired compared to that of other PRC1 mutant clones ( Supplementary Fig. 2a-f ). We also tested the PRC2 components Enhancer of zeste (encoded by E(z)) ( Supplementary Fig. 4g -i) and Suppressor of zeste 12 (Su(z)12) (data not shown) and found consistent but mild overgrowth in mutant discs, paralleling the relatively limited requirement of E(z) function in imaginal target gene repression 8 . Nevertheless, from the common overgrowth mutant phenotype, we conclude that the canonical l e t t e r s activity of PRC1 proteins, mediated by their cooperative function, is required to restrict imaginal disc growth.
The best-known PcG targets are homeobox (Hox) genes and other transcription factors, and the role of PcG in differentiation has been intensively studied 8, [15] [16] [17] [18] . Several cell cycle regulators have also been identified as PcG targets 8, 14, 19, 20 , but a role for PcG in controlling cell proliferation is poorly understood. To identify growth regulatory targets of PcG in Drosophila discs, we used a battery of signaling reporters to test whether known mitogenic pathways are upregulated in PRC1 mutant eye discs ( Table 1 ). The results show that potent growth-regulatory pathways involving Myc 21 , Ras 22 and Dpp 23 are not consistently upregulated in PRC1 mutant tissue ( Table 1 , Fig. 2a-d) . Spatial activation of the Notch 24 and Hippo-Warts 25 pathways seems abnormal in PRC1 mutant mosaic clones, but again our assays did not detect pathway hyperactivation within mutant cells of all genotypes ( Fig. 2e-h, Supplementary Fig. 5a ).
By contrast, JAK-STAT signaling, assessed by the 10XSTAT92E>GFP reporter 26 , is robustly hyperactivated in PRC1 mutant tissue. 10XSTAT92E>GFP was expressed at very low levels in wild-type L3 eye discs, but in similarly staged discs lacking PRC1 components, strong and consistent expression was seen ( Fig. 2i-l ; Supplementary  Fig. 4a-e ). Mild upregulation of 10XSTAT92E>GFP could also be seen in E(z) mutant tissue, correlating with the mild degree of overgrowth ( Supplementary Fig. 4g-j) . Activation of the JAK-STAT pathway was not secondary to epithelial defects (Supplementary Fig. 4e ) and was not a consequence of generally disrupting epigenetic modifications or cell identity ( Supplementary Fig. 4f ). Together, these results suggest that repression of JAK-STAT signaling is a key function of PcG activity in imaginal discs.
To determine how PcG normally restrains JAK-STAT activity, we considered components of the pathway whose derepression might enhance signaling. Because the pathway ligand Upd is rate limiting for signaling activation, we assayed upd expression using quantitative real-time PCR. The data show that upd and its paralogs upd2 and upd3 are markedly upregulated in PcG mutants. Specifically, upd transcription was greater than fivefold higher in PRC1 mutant eye discs than in wild-type eye discs ( Fig. 3a; Supplementary  Fig. 6a) ; it was also elevated in E(z) mutant tissue ( Supplementary  Fig. 6a ). In contrast, transcription of genes encoding other JAK-STAT pathway components, including the receptor Domeless, the Janus kinase Hopscotch and the downstream transcription factor Stat92E, was not strongly elevated in PRC1 mutant tissue ( Fig. 3a; Supplementary Fig. 6a ). Notably, transcripts encoding rate-limiting components of other oncogenic growth pathways, such as the Notch-Delta, Myc, Akt, InR, Wingless or Dpp pathways, were neither consistently nor strongly upregulated in all PRC1 mutants ( Supplementary Fig. 5 ). These data indicate that, among many signaling components, upd is particularly sensitive to PcG regulation. To investigate whether upd is a bona fide target of PcG-mediated repression and whether JAK-STAT signaling is controlled by PcG in discs, we carried out chromatin immunoprecipitation (ChIP) on wild-type L3 imaginal discs using antibodies against H3K27me3 and Pc, the PRC1 component that binds to H3K27me3. ChIP quantification by realtime PCR shows that the upd and neighboring upd2 gene regions contained high (8-to 12-fold) enrichment of H3K27me3 and Pc binding as compared to a previously described nontarget control region ( Fig. 3b; Supplementary Fig. 6b ) 27 . Levels of H3K27me3 and Pc binding at upd loci were similar to those at a well characterized direct PcG target gene, the Hox gene Abd-B. These results were confirmed by H3K27me3 ChIP sequencing (ChIP-Seq) analysis, which also revealed high levels of H3K27me3 across the upd3 gene region ( Supplementary  Fig. 6c ). This suggests that upd genes are indeed direct targets of PcG-mediated repression in imaginal discs.
As an additional test for direct regulation of upd genes by PcG activity in vivo, we assayed transcriptional silencing of the updLacZ transposon, which inserts the white (w) gene required for eye pigmentation into upd regulatory elements. Previous experiments have shown that w in this insertion is silenced by mechanisms unrelated to position-effect variegation-sensitive heterochromatin modifications 28 . To test whether the regulatory silencer is instead responsive to PcG activity, we looked for derepression of updLacZ-associated pigmentation in eyes heterozygous with respect to PcG components. Loss of one copy of Pc or Psc-Su(z)2 caused an increase in pigmentation in updLacZ flies, whereas PcG heterozygosity had no effect on pigmentation caused by an unrelated Fig. 5a ). c Assay determines nuclear/nucleolar size ratio. (Fig. 3c,d; Supplementary Fig. 6d,e) . These data are consistent with the presence of a PcG-responsive silencer upstream of upd.
To assess the functional significance of PRC1-mediated regulation of Upd ligands in growth control, we asked whether the JAK-STAT pathway was involved in PcG mutant tumor formation. We first compared the effects of ectopic JAK-STAT pathway activation to loss of PcG function. Previous studies have shown a strong growth-promoting function for Upd in the eye disc [29] [30] [31] . Similarly, overexpression of Upd, or of constitutively activated Hopscotch, in the wing disc caused a marked expansion of the epithelial field ( Fig. 4a,b ; Supplementary  Fig. 7a,b) . These data indicate that ectopic Upd expression is sufficient to drive overgrowth generally in imaginal discs.
To determine whether Upd-mediated signaling is required for PRC1 mutant imaginal overproliferation, we tested whether reducing JAK-STAT activity in Psc-Su(z)2, Pc or Sce eye discs would suppress tumor growth. We first examined animals heterozygous with respect to genes encoding JAK-STAT pathway components, which causes no change in wild-type eye growth. Notably, heterozygosity with respect to Stat92E, upd, or a deletion removing all three upd genes partially rescued the pupal lethality induced by the presence of Psc-Su(z)2 eye tumors ( Fig. 4o) 5, 32, 33 and caused a mild but significant reduction in tumor size ( Fig. 4c,d,m) . To more potently inhibit the JAK-STAT pathway, we coexpressed a dominant negative version of the receptor Domeless 34 or the endogenous STAT inhibitor SOCS36E 29, 35 in Pc or Sce mutant eye disc cells ( Fig. 4e-l) . Interference with Domeless function slightly decreased wild-type disc growth ( Fig. 4f ) but markedly and consistently reduced Pc and Sce tumor growth ( Fig. 4i,l) . Striking suppression was also seen when SOCS36E is expressed: overgrowth was strongly perturbed in Sce discs, which approach the size of wild-type discs (Fig. 4j,n) , whereas the analogous manipulation had almost no effect on growth of wild-type discs (Fig. 4g) . These experiments confirm that interfering with JAK-STAT signaling can ameliorate overgrowth in PRC1 mutants, and together reinforce the conclusion that hyperactivation of the JAK-STAT pathway via derepression of Upd ligands underlies overgrowth of PcG mutant discs.
Studies of PcG activity in cell proliferation have focused on a role in repressing transcription factors that drive differentiation, thereby maintaining a stem cell-like identity 2, 36, 37 . In stem cells and several cancers, PcG activity promotes sustained cell division. Here we show that in the Drosophila imaginal disc, a favored model system for understanding organ growth, PcG activity is instead required to restrain proliferation. This finding, which provides a clear counterexample to the general paradigm that PcG activity maintains a proliferative state, should inspire renewed attention to contexts in which mammalian PcG proteins seem to act as negative, rather than positive, regulators of cell proliferation. For instance, recent studies describe an antiproliferative activity for PcG in transiently amplifying cells of mammalian hematopoietic progenitor pools 1,38-40 . The proliferative potential, partially differentiated state and developmental plasticity of transiently amplifying populations are traits similar to those ascribed to early imaginal disc tissue in Drosophila 41 , which lacks characterized stem cells. Distinct PcG activities in undifferentiated stem cells and partially differentiated proliferative populations could reconcile data about oncogenic and tumor suppressor functions in different contexts.
In this study, we found that in Drosophila discs, PcG proteins directly regulate a mitogenic signaling pathway by repressing expression of the pathway ligand. At present, the best-known targets of PcG are transcription factors involved in cell fate and differentiation. Recent studies have suggested that cell cycle regulators are PcG targets as well, but none of those identified are sufficient to drive excess tissue growth 14, 19, 20 . It is intriguing that the growth regulatory pathway targeted by PcG repression is the JAK-STAT pathway, which is oncogenic in both mammalian 42 and Drosophila tissues 29, 30 , and regulates fly stem cell populations 43 . Notably, genes encoding the mammalian JAK-STAT pathway ligands interferon-γ and interleukins 4 and 13 become H3K27 trimethylated and silenced in T H 1 and T H 2 helper cells, respectively, as they undergo maturation from naive T cells 44, 45 . This implies that regulation of JAK-STAT ligands by PcGs may be evolutionary conserved. Similarly, our data indicate that during imaginal disc development, the increasingly restricted pattern of Upd expression ( Supplementary Fig. 7c-f) 46 requires PcG silencing, which perhaps serves as an epigenetic 'brake' on organ growth. JAK-STAT activity is required in early discs for full growth 31, 46 , and as discs enter a slower growth phase, expression of upd decreases 47 ; whether PcG activity participates in the control of disc size by switching tissue 'growth states' via silencing of upd remains to be investigated.
Why would organ growth be negatively regulated by epigenetic mechanisms such as PcG activity? One reason is that epigenetic The switches may be especially suited for proliferating cells, as they rapidly turn over epigenetic marks during cell division, a provision lost on terminal differentiation. A second reason is the ability of PcG to control broad gene networks to regulate developmental states in response to changing signaling environments. Indeed, during Drosophila disc regeneration, downregulation of PcG activity has been shown to promote cell fate plasticity [48] [49] [50] ; our results suggest that it may do so for proliferative potential as well. We define here a new and distinct class of Drosophila tumor suppressor genes that encode chromatin-modifying proteins of the PcG family. We further show a major role for one set of their targets, the upd genes, in the control of imaginal growth. However, the complex as well as differing phenotypes of PRC1 mutant discs suggest that other targets are also involved in PcG tumor suppressor activity during development. Regulators of signaling and patterning (such as Notch and Dpp pathways; see Table 1 and Supplementary  Fig. 5) , the cell cycle and epithelial polarity are likely to have additional roles. Future genome-wide analyses will reveal how PcG activity coordinates growth, architecture and differentiation during Drosophila organogenesis.
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